We investigated, using an image analysis system, the immunohistochemical localization of leukocyte subpopulations and human leukocyte antigen (HLA)-DR in 30 normal-cycling human ovaries in order to better understand local immunological events in human ovaries. All subtypes of T lymphocytes examined (CD3 ⍣ , CD4 ⍣ and CD8 ϩ cells) were sporadically observed in the stroma and theca layers of follicles throughout the menstrual cycle (ranging from 4.32 to 6.25 cells/10 -7 m 2 , 1.67 to 3.33 cells/ 10 -7 m 2 and 2.33 to 3.44 cells/10 -7 m 2 , respectively for the three subtypes), and subsequently, increased in number in atretic follicles (78.70 Ϯ 6.90, 31.13 Ϯ 2.54 and 43.31 Ϯ 3.35). After ovulation, the number of T lymphocytes was markedly low in the early and mid corpus luteum (13.88 Ϯ 1.62, 4.18 Ϯ 0.50 and 6.53 Ϯ 0.45). The number increased in the late corpus luteum, and was highest in the late degenerating corpus luteum (255.67 Ϯ 27.10, 102.12 Ϯ 7.80 and 137.34 Ϯ 12.50). HLA-DR was sporadically positive in fibroblasts in the stroma and theca layers of follicles (means ranged from 1.25 to 1.82 cells/10 -7 m 2 ), and increased in atretic follicles (24.68 Ϯ 2.25). HLA-DR ϩ cells were markedly low in the early and mid corpus luteum (2.16Ϯ0.88), increased in the late corpus luteum, and reached a plateau in the late degenerating corpus luteum (121.84 Ϯ 17.73). The great majority of these increased HLA-DR ϩ cells were macrophages. Results of our study suggest that T lymphocytes and/or macrophages play important roles in luteal regression and follicular atresia in normal-cycling human ovaries.
Introduction
A number of recent in-vitro studies suggest a possible involvement of the local immune system in the regulation of ovarian function (Emi et al., 1991; Best et al., 1994; Bukovsky et al., 1995; Arici et al., 1997) . These immune-mediated events 2186 © European Society for Human Reproduction and Embryology include the regulation of steroidogenesis in the developing follicle and functioning corpus luteum and an involvement in tissue-remodelling in the process of follicular atresia and luteal regression. Therefore, it becomes very important to examine the distribution of leukocyte subpopulations in normal-cycling human ovaries throughout the menstrual cycle in order to obtain a better understanding of the ovarian immune system. Recently, macrophages have been shown to increase in number in the degenerating corpus luteum (Best et al., 1996; Takaya et al., 1997) and it was suggested that they play an important role as scavengers in luteal regression. The distribution of other leukocytes, including lymphocytes and neutrophils, has also been examined by several groups (Petrovska et al., 1992; Wang et al., 1992b; Bukovsky et al., 1995; Best et al., 1996) . However, results of these studies are inconsistent and, therefore, the biological significance of leukocyte infiltration in the human ovary is still unclear. This is partly because of the fact that detailed ovarian stages according to follicular and luteal functions were not classified in the previous reports, and the quantitation of leukocyte subpopulations in the human ovary has not been studied in detail. We previously demonstrated that the immunolocalization pattern of steroidogenic enzymes in follicles and corpora lutea was closely associated with the growth and regression of these ovarian structures, while the morphological size did not always reflect the ovarian stage (Suzuki et al., 1993) . Therefore, in the present study, we systematically and quantitatively examined, using an image analysis system, the immunohistochemical distribution of leukocytes in ovarian stages, classified according to the expression patterns of steroidogenic enzymes, in normal human ovaries throughout the menstrual cycle.
Materials and methods

Ovaries
Thirty human ovaries were examined. These were retrieved from the surgical pathology files of Tohoku University Hospital and other affiliated hospitals in Sendai, Japan. The study protocol was approved by the Ethics Committee of Tohoku University School of Medicine. Specimens were from premenopausal women whose ages ranged from 26 to 49 years. A unilateral oophorectomy was performed in each patient at the time of hysterectomy for carcinoma of the uterine cervix to exclude metastasis to the ovary. No patient examined in this study had any alteration of the menstrual cycle or sex steroid abnormality, and the patients with cervical carcinomas were reported rarely to present these hormonal abnormalities (Konishi, 1990) . Histopathological examination of the ovaries revealed no apparent morphological abnormality, including metastasis of the carcinoma or polycystic changes. The ovarian tissues were fixed in 4% paraformaldehyde (PFA), pH 7.4, for 12 h at 4°C and subsequently embedded in paraffin wax. Serial 3 µm-thick sections were prepared from the tissues.
The phase of the menstrual cycle was determined in each case by taking a detailed history, performing endometrial dating based on the criteria of Silverberg (1990) , and determining serum concentrations of oestradiol and progesterone by enzyme-linked immunosorbent assay (ELISA) kits (Diagnostic Products Co., Los Angeles, CA, USA) at the time of surgery. Ovarian follicles and corpora lutea of each specimen were classified based on the phase of menstrual cycle, the morphological criteria reported by Clement (1987) , and immunolocalization pattern of steroidogenic enzymes as reported by Suzuki et al. (1993) . Seven follicular stages classified in the present study were as follows: primordial follicles, primary follicles, preantral follicles (P450aromatase-negative, P450 cholesterol side-chain cleavage, (P450scc)-positive, 3β-hydroxysteriod dehyrogenase (3βHSD)-positive and P450 17α-hydroxylase (P450c17)-positive), non-dominant follicles (P450aromatase-negative, P450scc-positive, 3βHSD-positive and P450c17-positive) in follicular and luteal phases, dominant follicles (all enzymes-positive) and atretic follicles. Six luteal stages identified in this study were as follows: early, mid and late corpus luteum (all enzymes-positive, respectively), early degenerating corpus c Normal ranges of serum progesterone levels were 0.1 to 1.5 ng/ml in the follicular phase, and 2.0 to 28.0 ng/ml in the luteal phase employing this radioimmunoassay kit in our laboratory. Normal ranges of serum oestradiol were 10 to 375 pg/ml in the follicular phase, and 15 to 260 pg/ml during the luteal phase in our laboratory. (Crumpton et al., 1984) .
2187 luteum (P450aromatase-negative, P450scc-positive, 3βHSD-positive and P450c17-positive), late degenerating corpus luteum (all enzymesnegative) and corpus albicans. Serum progesterone and oestradiol concentrations during each menstrual phase in the present study are demonstrated in Table I .
Immunohistochemistry
The characteristics of primary antibodies used in the present study are shown in Table II . Immunohistochemical analyses were performed employing the streptavidin-biotin amplified method using a Histofine Kit (Nichirei, Tokyo, Japan), as described in detail previously (Suzuki et al., 1994) . The dilutions of primary antibodies used in our study were as follows. CD3 (T lymphocytes), 1/1000; CD4 (T helper/ inducer cells), 1/30; CD8 (T cytotoxic/suppressor cells), 1/100; L26 (B lymphocytes), 1/700; neutrophil-elastase (neutrophils), 1/100; and human leukocyte antigen (HLA)-DR (class II antigens), 1/200. Class II antigens are well known to be present in various activated cells, including macrophages and lymphocytes (Crumpton et al., 1984) . Therefore, we also performed double immunohistochemical analyses of HLA-DR and PGM1 (macrophages) or CD3 to characterize the HLA-DR ϩ cells.
Briefly, deparaffinized sections were placed in 0.3% H 2 O 2 in methanol for 15 min, treated with 1% normal rabbit serum for 40 min at room temperature, and incubated with anti-HLA-DR (1/200) for 18 h at 4°C. The slides were subsequently reacted with Envision (DAKO, Copenhagen, Denmark), then visualized with 3,3Ј-diaminobenzidine (DAB) solution (1 mM DAB, 50 mM Tris-HCl buffer, pH 7.6, 0.006% H 2 O 2 ). After pretreatment as indicated in Table II , the slides were treated with 1% normal rabbit or goat serum for 40 min, and incubated with primary antibody for PGM1 (1/750) or CD3 (1/750) for 18 h at 4°C. The slides were then reacted with alkaline phosphatase-coupled anti-mouse IgG (Histofine Kit), and visualized by Vector red (Vector Laboratories, Burlingame, CA, USA) in 0.1 M Tris-HCl buffer, pH 8.2. Haematoxylin was used for counterstaining.
Paraffin-embedded sections of lymph nodes and granulation tissues were concomitantly immunostained with the ovarian tissues for use as positive controls in this study. To examine the possible effects of tissue processing on the immunoreactivity, we used five atretic follicles and late degenerating corpora lutea fixed with 4% PFA and Figure 1 . Quantitative evaluation of numbers of T lymphocytes in follicular (A) and luteal (B) stages in normal-cycling human ovaries. Str, stroma; PA, preantral follicle; ND-F, non-dominant follicle in follicular phase; DF, dominant follicle; ND-L, nondominant follicle in luteal phase; AF, atretic follicle; E-CL, early corpus luteum; M-CL, mid corpus luteum; L-CL, late corpus luteum; E-DCL, early degenerating corpus luteum; L-DCL, late degenerating corpus luteum; CA, corpus albicans. All subtypes of T lymphocytes (CD3 ϩ , CD4 ϩ and CD8 ϩ cells) examined were markedly increased in AF (P Ͻ 0.001 versus other follicles, respectively). After ovulation, these numbers markedly increased in L-CL (P Ͻ 0.001 versus M-CL, respectively) and E-DCL (P Ͻ 0.01 versus L-CL, respectively), and highest in L-DCL (P Ͻ 0.05 versus E-DCL). Data represent the mean Ϯ standard error. The number examined in each ovarian stage is as follows: Str, n ϭ 40; PA, n ϭ 24; ND-F, n ϭ 20; DF, n ϭ 10; ND-L, n ϭ 18; AF, n ϭ 29; E-CL, n ϭ 6; M-CL, n ϭ 7; L-CL, n ϭ 7; E-DCL, n ϭ 13; L-DCL, n ϭ 14; CA, n ϭ 40.
frozen in Tissue-Tek O.C.T. Compound (Miles Inc., Elkhart, IN, USA); no different immunolocalization patterns were observed between the specimens embedded in paraffin wax or frozen. For negative controls, the slides were incubated with 0.01 M phosphate-buffered saline (PBS) or non-immunized mouse IgG instead of primary antibodies; specific immunoreactivity was not detected in these tissue sections.
Quantitative evaluation
To determine the numbers of leukocyte subpopulations, images were captured directly through a closed circuit display (CCD) camera 2188 (ProgRes 3012, Kontron Elektronik, Eching, Germany) attached to our microscope. Images were transferred to a Power Macintosh personal computer-controlled operating system, and the number of positive cells per framed field (160ϫ220 µm ϭ 3.5ϫ10 -8 m 2 ) was subsequently calculated. Statistical analyses were performed using the Mann-Whitney U-test, and P Ͻ 0.05 was considered statistically significant in this study.
Results
Localization of T lymphocytes in the human ovary
The results of the quantitative evaluation of the numbers of T lymphocytes in follicular and luteal stages are summarized in Figure 1A and B.
All subtypes of T lymphocytes examined (i.e. CD3 ϩ , CD4 ϩ and CD8 ϩ cells) were sporadically observed in the stroma adjacent to primordial and primary follicles, and in the theca layers of primary, non-dominant and dominant follicles, but no statistical differences in numbers were observed among these stages (means ranged from 4.32 to 6.25 for CD3, 1.67 to 3.33 for CD4 and 2.23 to 3.44 for CD8). These cells were markedly increased in number in atretic follicles [78.70 Ϯ 6.90 for CD3 (Figure 2A ), 31.13 Ϯ 2.54 for CD4 and 43.31 Ϯ 3.35 for CD8 (P Ͻ 0.001 versus other follicles, respectively)].
After ovulation, T lymphocytes were observed predominantly in the central cavity of the early corpus luteum (17.16 Ϯ 2.99 for CD3, 5.85 Ϯ 1.17 for CD4 and 7.16 Ϯ 1.62 for CD8). The numbers of these cells were low in the mid corpus luteum (13.88 Ϯ 1.62 for CD3, 4.18 Ϯ 0.50 for CD4 and 6.53 Ϯ 0.45 for CD8). T lymphocytes increased in number in the late corpus luteum [77.11 Ϯ 7.35 for CD3, 31.34 Ϯ 5.65 for CD4 and 39.46 Ϯ 5.32 for CD8 (P Ͻ 0.001 versus mid corpus luteum, respectively)] and in the early degenerating corpus luteum [163.11 Ϯ 24.50 for CD3, 66.35 Ϯ 7.09 for CD4 and 89.68 Ϯ 13.40 for CD8 (P Ͻ 0.01 versus late corpus luteum, respectively)]. The numbers reached a plateau in the late degenerating corpus luteum [255.67 Ϯ 27.10 for CD3 ( Figure  2B ), 102.12 Ϯ 7.80 for CD4 ( Figure 2C ) and 137.34 Ϯ 12.50 for CD8 ( Figure 2D ) (P Ͻ 0.05 versus early degenerating corpus luteum, respectively)], and then markedly decreased in the corpus albicans [3.57 Ϯ 1.15 for CD3, 1.82 Ϯ 0.67 for CD4 and 2.95 Ϯ 0.68 for CD8 (P Ͻ 0.001 versus late degenerating corpus luteum, respectively)].
Localization of HLA-DR, B lymphocytes and neutrophils in the human ovary
The results of the quantitative evaluation of numbers of HLA-DR ϩ cells, B lymphocytes and neutrophils in follicular and luteal stages are summarized in Figure 3A and B.
HLA-DR ϩ cells were observed sporadically in the stroma and theca layers of primary, non-dominant and dominant follicles (means ranged from 1.25 to 1.82 cells/10 -7 m 2 ), and were markedly increased in atretic follicles [24.68 Ϯ 2.25 (P Ͻ 0.001 versus other follicular stages)]. These HLA-DR ϩ cells were immunohistochemically negative for PGM1 or CD3 on double immunohistochemical analyses, which suggested they were fibroblasts ( Figure 4A ). After ovulation, the number Figure 4B ). The number of HLA-DR ϩ macrophages decreased markedly in the corpus albicans [14.58 Ϯ 1.57 (P Ͻ 0.001 versus late degenerating corpus luteum)]. The vascular endothelium was negative for HLA-DR ( Figure 4A and B) in this study.
The number of B lymphocytes (L26 ϩ cells) was markedly low at every stage throughout the menstrual cycle (means ranged from 1.24 to 4.23 cells/10 -7 m 2 ), and no statistical differences in number were observed. The number of neutrophils (neutrophil-elastase ϩ cells) was constantly low throughout the follicular stages (means ranged from 2.24 to 3.75 cells/ 10 -7 m 2 ). A small number of neutrophils was detected in the cavity of the early corpus luteum (11.02 Ϯ 1.36). These cells were reduced in number in the mid corpus luteum [3.75 Ϯ 0.58 (P Ͻ 0.05 versus early corpus luteum)], slightly increased in the late corpus luteum [10.85 Ϯ 1.00 (P Ͻ 0.05 versus mid corpus luteum)], and decreased thereafter [early degenerating corpus luteum 5.83 Ϯ 0.0.70 (P Ͻ 0.05 versus late corpus luteum)].
Discussion
Despite investigations in several studies, the distribution of leukocytes in normal-cycling human ovaries still remains controversial. Wang et al. (1992b) reported that large numbers of T lymphocytes were observed in the corpus luteum. In contrast, Petrovska et al. (1992) detected only small numbers of lymphocytes in the corpus luteum, while Bukovsky et al. (1995) and Best et al. (1996) reported the presence of leukocytes in the degenerating corpus luteum. In the present study, we classified ovarian stages according to their steroidogenic capability, and quantitated leukocyte subpopulations using an image analysis system; we found that numbers of all subtypes of T lymphocytes with HLA-DR ϩ macrophages increased markedly in the degenerating corpus luteum. In the process of luteal regression, luteinized granulosa cells were losing their steroidogenic function (Suzuki et al., 1993) , and apoptosis was observed sporadically (Funayama et al., 1996) . In addition, a dense capillary network was maintained in the degenerating corpus luteum, and the intercellular adhesion molecule (ICAM)-1, which contributes to the adhesion and transmigration of lymphocytes and monocytes, was present in endothelial cells of postcapillary venules in this phase (Suzuki et al., 1998) . Therefore, the present data, when taken with these previous reports, indicate that T lymphocytes and activated macrophages are closely involved in luteal regression: macrophages scavenge for senescent luteinized granulosa cells and T lymphocytes are responsible for macrophage activation. Previous in-vitro studies demonstrated that the cytokines γ-interferon (IFN-γ) (Fukuoka et al., 1992) and tumour necrosis factor α (TNF-α) (Fukuoka et al., 1992; Best et al., 1994) inhibit oestrogen and progesterone secretion of human granulosa cells. Therefore, T lymphocytes and macrophages may also regulate the functional regression of the corpus luteum by the secretion of cytokines.
The mechanism of luteal regression has not been studied well. Some investigators propose that luteolysis is an intrinsic property of luteal cells (Benyo et al., 1993) , preprogrammed to occur at the cellular level and initiated automatically at the time of ovulation (Fish et al., 1989) . On the other hand, the human corpus luteum differentiates following menarche, long after the adaptation of the immune system toward self, and Bukovsky et al. (1995) proposed that the regression of luteal tissue resembles the immunological rejection of a transplant. The results of the present study demonstrate that luteal regression is closely associated with immunological responses, and is consistent with the latter hypothesis. The numbers of lymphocytes and activated macrophages were extremely low in the mid corpus luteum in the present study. Recent studies demonstrated inhibition of the immune system by progesterone (Monterroso and Hansen, 1993; Hansen, 1995) . Progesterone is actively produced in the mid corpus luteum and may contribute to the prevention of infiltration by immune cells in the corpus luteum. Progesterone production in the functioning corpus luteum is essentially regulated by luteinizing hormone/ human chorionic gonadotrophin (LH/HCG) secreted by the pituitary, and therefore, luteal regression may be initiated by the cooperation of immunological and endocrinological systems.
The presence of cytokines (Wang and Norman, 1992; Wang et al., 1992a) , lymphocytes (Maccio et al., 1993) and macrophages (Roby et al., 1990) was reported in follicular fluid, and the regulation of follicular growth and steroidogenesis by immune cells has been proposed by these previous in-vitro studies. Arici et al. (1997) demonstrated that concentrations of leukaemia inhibitory factor (LIF) in human follicular fluid correlated with follicular fluid oestradiol concentrations, and suggested that macrophages were important contributors to the LIF pool. The results of the present study indicate that T lymphocytes are involved mainly in follicular atresia rather than in follicular growth. In atretic follicles, HLA-DR ϩ cells are not macrophages as seen in degenerating corpora lutea but are fibroblasts. Takaya et al. (1997) demonstrated that the macrophages observed in follicles were spindle-shaped resident macrophages and the number did not increase in atretic follicles. Therefore, phagocytosis of follicular cells may be a minor event compared with the occlusion of the follicular antrum by fibrosis in the process of follicular atresia.
The numbers of B lymphocytes were very low in every stage in our study, as reported by Best et al. (1996) , suggesting that the presence of T4 cells is probably unrelated to cooperation with B cells. Recent studies demonstrated that T helper (Th) cell subsets have different roles in the immunological responses. Th1 cells mainly produce IFN-γ and interleukin-2 (IL-2) and express cytolytic activity against antigenpresenting cells, while Th2 cells produce IL-4 and IL-6 and provide help for all immunogloblin classes (De Carli et al., 1994) . Therefore, the Th1 response may be a major factor in local immunological events occurring in normal-cycling human ovaries. Wang et al. (1992b) and Best et al. (1996) reported that the ratio of T4 to T8 cells in the corpus luteum was about 2:1 to 1:1, which is equivalent to that in blood vessels. However, in this study, the number of T8 cytotoxic/suppressor cells was slightly higher than that of T4 helper/inducer cells (the T4:T8 ratio was 1:1.00 to 1:1.62) in all stages examined. This may be because the sensitivity of antibodies was different in previous investigations.
Recent studies have shown that reactive oxygen species produced by activated neutrophils cause antigonadotrophic effects, and have been suggested to play some role in luteal regression in the rat (Pepperell et al., 1992) . In our study, a slight increase of neutrophils was observed in the late corpus luteum; however, the number of these cells was extremely low compared with that of T lymphocytes and macrophages. Therefore, neutrophils are not considered to play any important role in normal-cycling human ovaries.
In summary, the number of T lymphocytes and activated macrophages markedly increased in the degenerating corpus luteum, and that of T lymphocytes also increased in atretic follicles. The results of this study suggest that local immunological events, including infiltration of T lymphocytes and/or macrophages, play important roles in the process of luteal regression and follicular atresia in normal-cycling human ovaries.
